The transcription factor BCL11A has recently been reported to be a driving force in triple-negative breast cancer (TNBC), contributing to the maintenance of a chemoresistant breast cancer stem cell (BCSC) population. Although BCL11A was shown to suppress ␥-globin and p21 and to induce MDM2 expression in the hematopoietic system, its downstream targets in TNBC are still unclear. For its role in transcriptional repression, BCL11A was found to interact with several corepressor complexes; however, the mechanisms underlying these interactions remain unknown. Here, we reveal that BCL11A interacts with histone methyltransferase (PRC2) and histone deacetylase (NuRD and SIN3A) complexes through their common subunit, RBBP4/7. In fluorescence polarization assays, we show that BCL11A competes with histone H3 for binding to the negatively charged top face of RBBP4. To define that interaction, we solved the crystal structure of RBBP4 in complex with an N-terminal peptide of BCL11A (residues 2-16, BCL11A(2-16) ). The crystal structure identifies novel interactions between BCL11A and the side of the ␤-propeller of RBBP4 that are not seen with histone H3. We next show that BCL11A(2-16) pulls down RBBP4, RBBP7, and other components of PRC2, NuRD, and SIN3A from the cell lysate of the TNBC cell line SUM149. Furthermore, we demonstrate the therapeutic potential of targeting the RBBP4 -BCL11A binding by showing that a BCL11A peptide can decrease aldehyde dehydrogenase-positive BCSCs and mammosphere formation capacity in SUM149. Together, our findings have uncovered a previously unidentified mechanism that BCL11A may use to recruit epigenetic complexes to regulate transcription and promote tumorigenesis.
The transcription factor BCL11A has recently been reported to be a driving force in triple-negative breast cancer (TNBC), contributing to the maintenance of a chemoresistant breast cancer stem cell (BCSC) population. Although BCL11A was shown to suppress ␥-globin and p21 and to induce MDM2 expression in the hematopoietic system, its downstream targets in TNBC are still unclear. For its role in transcriptional repression, BCL11A was found to interact with several corepressor complexes; however, the mechanisms underlying these interactions remain unknown. Here, we reveal that BCL11A interacts with histone methyltransferase (PRC2) and histone deacetylase (NuRD and SIN3A) complexes through their common subunit, RBBP4/7. In fluorescence polarization assays, we show that BCL11A competes with histone H3 for binding to the negatively charged top face of RBBP4. To define that interaction, we solved the crystal structure of RBBP4 in complex with an N-terminal peptide of BCL11A (residues 2-16, BCL11A(2-16)). The crystal structure identifies novel interactions between BCL11A and the side of the ␤-propeller of RBBP4 that are not seen with histone H3. We next show that BCL11A(2-16) pulls down RBBP4, RBBP7, and other components of PRC2, NuRD, and SIN3A from the cell lysate of the TNBC cell line SUM149. Furthermore, we demonstrate the therapeutic potential of targeting the RBBP4 -BCL11A binding by showing that a BCL11A peptide can decrease aldehyde dehydrogenase-positive BCSCs and mammosphere formation capacity in SUM149. Together, our findings have uncovered a previously unidentified mechanism that BCL11A may use to recruit epigenetic complexes to regulate transcription and promote tumorigenesis.
Although breast cancer research has led to several successful treatments and novel targeted therapies, there still exist the critical issues of recurrence and metastasis. Among the four subtypes of breast cancer, triple-negative breast cancer (TNBC, 4 estrogen receptorϪ/progesterone receptorϪ/HER2Ϫ) has high rates of recurrence and metastasis and thereby has a generally poor prognosis (1, 2) . The recent identification of breast cancer stem cells (BCSCs), which are attributed to tumor initiation, chemoresistance, and metastasis, helps explain the aggressive nature of TNBC (3) (4) (5) . There has been a growing interest in understanding pathways and proteins important for maintaining the BCSC population to develop effective therapies for the prevention and treatment of metastatic breast cancer.
Accumulating evidence has indicated that epigenetic mechanisms are important for the progression of cancer as well as the maintenance of the two BCSC-defining characteristics: self-renewal and multipotency (6 -10) . Epigenetic complexes may alter the dynamic state of chromatin and regulate access to the genome for DNA-related processes such as repair, transcription, and replication. For example, components of polycombrepressive complex 2 (PRC2) and nucleosome remodeling and deacetylase (NuRD), two important repressive epigenetic complexes, have been shown to be overexpressed in various types of cancer, including breast cancer, resulting in aberrant silencing of their target genes (11, 12) . In BCSCs, epigenetic complexes that have important roles in regulating differentiation, including NuRD and PRC2, may be exploited by oncogenic transcription factors to promote stemness of cancer cells (13) (14) (15) (16) . Aberrant recruitment of these epigenetic machineries can result in drastic transcriptional changes and gene expression leading to tumorigenesis.
Retinoblastoma-binding proteins 4 and 7 (RBBP4/7) are two histone chaperones that work in tandem with PRC2 and/or NuRD in the cell to facilitate access to the genome and determine cellular identity (17) . As members of the WD40 repeat protein family, RBBP4/7 consist of a seven-bladed ␤-propeller with several interaction surfaces that help them act as keystones for many protein complexes (17) . Their role as integral parts of multisubunit epigenetic complexes is to bind to histones H3 and/or H4, allow for nucleosomal association, and expose histones to methylation, acetylation, or deacetylation (18 -20) .
The top face of RBBP4/7s' ␤-propeller, otherwise known as the canonical binding site, binds to un-methylated histone H3 as well as several transcription factors, including SALL4 and FOG1 (17, 20 -22) . The shared binding motif of H3, SALL4, and FOG1 can be used to identify new binding partners of RBBP4/7 and mechanisms by which epigenetic complexes are recruited to target genes. Indeed, we recognized B-cell lymphoma/leukemia 11A (BCL11A), a zinc-finger transcription factor that is necessary for hematopoiesis and regulates developmental globin switching (23) , as a potential interacting partner of RBBP4/7.
Typically, the high expression of BCL11A is restricted to fetal brain and germinal center B-cells; however, it was recently demonstrated that BCL11A is up-regulated in TNBC through copy number gains and hypomethylation of the BCL11A locus (24) . Furthermore, exogenous overexpression of BCL11A increased the clonogenicity of non-tumorigenic mammary epithelial cells, whereas knockdown of BCL11A resulted in a reduced tumor size and frequency of tumor formation indicating a decrease in BCSCs (24) . These data suggest BCL11A has critical functions in BCSCs and TNBC, and hence it is a potential target for TNBC treatment. This led us to question whether BCL11A employs RBBP4/7 to recruit epigenetic complexes and whether one could target this interaction to block the aberrant functions of complexes such as PRC2 and NuRD in cancer.
In this study, we aim to confirm and characterize the interaction between RBBP4 and BCL11A and validate its function in regulating BCSCs. Using a fluorescence polarization (FP) assay, we have shown that a peptide consisting of the BCL11A residues 2-12 (BCL11A(2-12)) is sufficient to bind RBBP4 and compete with a histone H3 peptide for binding to the top face of RBBP4's ␤-propeller. The crystal structure of RBBP4 in complex with a BCL11A(2-16) peptide shows interactions that extend beyond the top face of RBBP4 and expose new binding sites. Pulldown assays also confirmed that the BCL11A(2-16) peptide is able to interact with RBBP4 and RBBP7 in PRC2, NuRD, and SIN3A complexes in the cell lysate of the TNBC cell line SUM149. Furthermore, blocking the RBBP4 -BCL11A interaction by using the BCL11A(2-12) peptide can reduce the BCSC population in SUM149. Together our results reveal a previously unidentified mechanism by which BCL11A recruits epigenetic complexes to regulate transcription and promote tumorigenesis and suggest that the RBBP4/7-BCL11A interaction is a potential therapeutic target. Preventing this interaction could disrupt the aberrant functions of BCL11A, PRC2, and NuRD complexes in the treatment of TNBC.
Results

BCL11A competes with histone H3 for binding to RBBP4
Previous mass spectrometry and pulldown studies have indicated that BCL11A interacts with PRC2 as well as the NuRD and SIN3A histone deacetylase complexes (23, 25) . RBBP4/7 are shared among all three complexes, and therefore, we hypothesized that BCL11A may recruit the aforementioned epigenetic machineries through their common core subunit RBBP4/7. In fact, BCL11A shares a similar N-terminal sequence as the transcription factors FOG1 and SALL4, which have been shown to interact with NuRD and specifically RBBP4 ( Fig. 1A) (21, 25, 26) . It is highly likely this shared motif is a conserved mechanism by which these transcription factors enlist epigenetic complexes to control transcription.
To test our hypothesis, we developed an FP assay with histone H3, a known RBBP4/7-binding partner, as the tracer. A histone H3(1-21) peptide was labeled with 5-carboxyfluorescein (5-FAM) at the C terminus and was incubated at 20 nM with increasing concentrations of full-length RBBP4 (UniProt Q09028). The binding affinity (K d ) of the H3 tracer for RBBP4 was determined to be 0.84 Ϯ 0.08 M and stable for over 24 h, consistent with published literature (Fig. 1 , B and C) (20) . Increasing concentrations of salt and/or decreasing the pH of the system resulted in a decreased binding affinity. This indicates the importance of electrostatics in maintaining the interaction between the top face of RBBP4 and its binding partners ( Fig. S1 ).
Competitive binding assays were performed with unlabeled synthetic peptides of BCL11A, SALL4, and histone H3. A scrambled peptide was also tested to determine the specificity of the assay. Although both SALL4(2-12) and BCL11A(2-12) peptides had low inhibitory constants (K i ) of 90 and 268 nM, respectively ( Fig. 1 , D and E), it is interesting to note that a shorter peptide corresponding to SALL4 amino acids 1-10 resulted in a 160-fold reduced inhibitory potential (K i ϭ 15 M) ( Fig. 1E ). This suggests that histidine at position 11 and a hydrophobic isoleucine or leucine at position 12 may be required to make important contacts with RBBP4. In this platform, a longer peptide of BCL11A(2-16) did not greatly change the K i value (110 nM versus 268 nM). A scrambled version of BCL11A (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) had an IC 50 value of Ͼ1 mM indicating that a specific sequence order and not the overall charge of the peptide is required for binding to RBBP4. These data also suggest that BCL11A and H3 use the same binding site in PRC2 and NuRD complexes.
Crystal structure of RBBP4 bound to BCL11A(2-16)
To understand the molecular basis for the binding of BCL11A to RBBP4, we solved the crystal structure of RBBP4 bound to BCL11A(2-16) to 2.4 Å ( Fig. 2A) . Crystallography data and refinement statistics are listed in Table 1 . The structure was solved by molecular replacement, and the initial difference electron density map showed clear density for the peptide bound to the negatively charged surface of RBBP4 (Fig. 2, B and C). The conformation of the RBBP4 protein bound to BCL11A(2-16) is identical to the unbound structure, with a root mean square deviation of 0.343 Å between the core atoms of the protein. The BCL11A(2-16) peptide binds in the same pocket as the histone H3 peptide (Fig. 3A) , but interestingly the peptide turned 90°and made specific interactions with the side of the ␤-propeller not seen in previous structures (Figs. 2 and 3) (20) .
The first residue of the BCL11A(2-16) peptide, Ser-2, was disordered, but we observed electron density for the remainder of the BCL11A(2-16) peptide through residue 16. The binding of residues 4 -13 of BCL11A is very similar to the binding of residues 2-11 of the histone H3 peptide to RBBP4 (Fig. 3A) . The side chain of Arg-4 of BCL11A occupies a similar pocket as Arg-3 of histone H3 and makes a hydrogen bond between NH1 and Glu-231 OE1 of RBBP4 ( Fig. 3C ). There is also a well-ordered glycerol molecule in the binding pocket, which also inter-acts with the Arg-4. Similar to Lys-4 of histone H3, the major interaction between RBBP4 and BCL11A is Lys-5, which lies in a highly negatively charged pocket on RBBP4 lined by Glu-179, Glu-126, and the OD1 atom of Asn-128 ( Fig. 3C ). Gln-6 OE1 makes a hydrogen bond to the backbone carbonyl of Glu-395. Gly-7 and Lys-8 are slightly pushed out and make no interactions with the RBBP4 protein. The side chain of Lys-8 is pointed toward the solvent and disordered. Pro-9 ring packs against the imidazole group of His-71 of RBBP4. The side-chain NE2 of Gln-10 is hydrogen-bonded to the backbone carbonyl of Pro-9 on the peptide. His-11 NE2 is hydrogen-bonded to the OE2 of Glu-41 of RBBP4. The side chain of Leu-12 is pointing toward the solvent, but an important hydrogen bond between the back- 
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bone carbonyl of Leu-12 and the backbone amide of Lys-14 forms a tight turn of the peptide. This hydrogen bond is not seen in the H3 structure. In the H3 structure (PDB code 2yba, B chain), the last ordered peptide residue is residue 11; in PDB code 2yba, A chain, the peptide loops out into the solvent. In our structure, Ser-13 is pointed toward the solvent, but the remainder of the peptide makes specific interactions with residues on the side of the ␤-propeller. The amide of Lys-14 of BCL11A is hydrogen-bonded to the backbone carbonyl of Ala-30 of RBBP4. Arg-15 is bound to Glu-41 of RBBP4, effectively sandwiching this residue between His-11 and Arg-15 of the peptide. The final residue of the peptide Glu-16 is hydrogen-bonded to NE2 of His-38 of RBBP4.
The specific interactions of residues 14 -16 of BCL11A on the side face of the histone chaperone RBBP4 may explain the tighter binding of BCL11A to RBBP4 (K i 110 nM) than H3 to RBBP4 (K d 348 nM). These interactions, not seen with NURF55/ RBBP4 and histone H3 or RBBP4 and FOG1, expose a potential new surface for small molecule inhibitors (20, 21) . For example, Glu-16 occupies a small trough-like cavity that may be susceptible to inhibition via small molecules.
BCL11A(2-16) is sufficient to interact with PRC2, NuRD, and SIN3A epigenetic complexes
To assess whether BCL11A(2-16) could interact with epigenetic complexes known to contain RBBP4/7, we performed pulldown experiments with a biotin-labeled BCL11A(2-16) peptide ( Fig. 4A ). As BCL11A plays a critical role in TNBC and BCSCs, we chose the TNBC cell line SUM149 for these experiments. Ponceau S staining of a nitrocellulose membrane containing the pulldown samples showed that an equal amount of BCL11A(2-16) WT and scramble peptides was used in the experiment (Fig. S2 ). As shown in Fig. 4B , BCL11A(2-16) was able to bind RBBP4 to a significant degree over scramble control in the SUM149 lysate. In addition, RBBP7 was pulled down by BCL11A (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) indicating that BCL11A may bind to both histone chaperones in a similar manner.
Because we hypothesized that BCL11A interacts with epigenetic machineries through RBBP4, we checked the levels of various components of these complexes in our pulldown experiment. We confirmed that the enhancer of zeste homolog 2 (EZH2) and the suppressor of zeste 12 (SUZ12), two core subunits of PRC2, were higher in the BCL11A(2-16) than the scramble control pulldown (Fig. 4B ). We next examined histone deacetylase 1 (HDAC1) and 2 (HDAC2), two enzymatic components of several histone deacetylase complexes, including NuRD and SIN3A, where RBBP4/7 are also a common component. HDAC1 and HDAC2 were strongly associated with the BCL11A(2-16) peptide and were almost undetectable in the scramble pulldown control (Fig. 4B ). The complexes pulled down by BCL11A(2-16) exhibited deacetylase activity, which can be inhibited by trichostatin A (TSA) (Fig. 4C ). This result is consistent with other similar studies using SALL4 as the bait (26) . Notably, the complexes associated with the BCL11A(2-16) peptide had 16-fold greater HDAC activity compared with scramble peptide control (2.21 versus 0.14 nmol/min/ ml) ( Fig. 4D ). 
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To distinguish between the several HDAC-containing complexes, we evaluated the presence of the NuRD-specific subunit metastasis-associated protein 1 (MTA1) in the pulldown samples. SIN3A and CoREST, two proteins whose names are shared with their respective histone deacetylase complexes, were also analyzed. As seen in Fig. 4B , MTA1 was strongly detected, and SIN3A was weakly identified in the BCL11A(2-16) pulldown over scramble control. In contrast, CoREST was only detected in the whole-cell lysate. Because the CoREST complex lacks RBBP4 or RBBP7, our results suggest that the N terminus of BCL11A only interacts with epigenetic machineries that contain these two histone chaperones.
Altogether, our results demonstrate that BCL11A interacts with both histone deacetylase complexes (NuRD and SIN3A) and histone methyltransferase complex (PRC2) to dictate transcriptional control.
Disruption of RBBP4 -BCL11A interaction decreases ALDH؉ BCSC population in TNBC cells SUM149
To demonstrate the functional and biological significance of the RBBP4 -BCL11A interaction, we treated SUM149 cells with the BCL11A(2-12) peptide to block this interaction for 72 h. We hypothesized that the peptide would be able to compete with the BCL11A protein to block the RBBP4 -BCL11A 
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interaction within the cells and allow us to study the impact of blocking this protein-protein interaction. First, we evaluated the delivery efficiency of a 5-FAM labeled BCL11A(2-12) peptide using the Pep-1/Chariot carrier (27) . Using flow cytometry, we found that over 98% of SUM149 cells were successfully transfected ( Fig. 5A ) when cells were transfected at a confluency of 25%. Treatment at lower cell densities decreased transfection efficiency (data not shown).
Because BCL11A is important for the maintenance of cancer stem cells, we hypothesize that blocking the RBBP4 -BCL11A interaction will reduce the aldehyde dehydrogenase-positive (ALDHϩ) BCSC population (24) . We performed an ALDE-FLUOR assay, which is a fluorescence-based assay to label cells expressing high levels of ALDH and is a well-established assay for BCSCs. Each ALDEFLUOR-stained sample has a negative control, which is a portion of the cells stained with ALDE-FLUOR in the presence of the ALDH inhibitor diethylaminobenzaldehyde (DEAB), to determine the background fluorescence. These DEAB-treated samples are used to set the ALDHϩ gates in the flow cytometry analysis. The data showed that treatment of the SUM149 cells with the BCL11A(2-12) peptide decreased the ALDHϩ population by ϳ50% in comparison with cells treated with a scramble peptide (Fig. 5, B and C) .
To further demonstrate the importance of the RBBP4 -BCL11A interaction in maintaining BCSC function, we stably expressed BCL11A (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) in SUM149 cells using a lentiviral vector. Based on our crystal structure, lysine 5 of BCL11A provides a crucial contact in the interaction with RBBP4 ( Fig. 3C ), so we changed lysine 5 to alanine (BCL11A(1-12)K5A) and used it as a negative control. As shown in Fig. 5D , expressing BCL11A (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) in SUM149 cells decreased the ALDHϩ BCSC population by ϳ50% compared with BCL11A(1-12)K5A. Furthermore, BCL11A(1-12) also decreased the self-renewal capacity of BCSCs in SUM149 cells as the mammosphere formation assay, an in vitro surrogate assay to evaluate self-renewal ability of BCSCs, showed that a decreased number of mammospheres were formed as compared with the BCL11A(1-12)K5A-expressing SUM149 cells (Fig. 5E ). Together, our results support the notion that blocking the interaction between BCL11A and RBBP4 could provide a novel strategy to eliminate BCSCs. 
Discussion
BCL11A was recently discovered to be a critical gene in both TNBC and the chemoresistant BCSC population sparking a lot of interest in better understanding the molecular mechanisms by which it operates and how to inhibit its function. Coimmunoprecipitation studies suggest that BCL11A interacts with several histone-modifying and chromatin-remodeling complexes, but how this transcription factor interacts and recruits these epigenetic complexes and whether these interactions are vital for its function as a BCSC regulator remain to be determined (23, 25) . Here, we define the interaction between BCL11A and RBBP4, a histone chaperone protein shared by many corepressor complexes. Through RBBP4, BCL11A is capable of recruiting NuRD, PRC2, and SIN3A to initiate transcriptional repression. We further expose this interaction as a potential therapeutic target against BCSCs.
RBBP4 is a WD40 protein with the characteristic sevenbladed ␤-propeller, which lends itself to multiple interfaces for mediating protein-protein interactions in multisubunit complexes. In chromatin-modifying complexes, the top face of RBBP4 binds the protruding tail of histone H3 to help localize complexes to nucleosomes. We report that BCL11A, specifi- 
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cally its N terminus, utilizes the same site as H3 to interact with RBBP4. This site is shared by many other transcription factors, including PHF6, SALL4A, and FOG1, thus signifying a conserved mechanism by which these transcription factors connect with epigenetic complexes. As they share the same binding pocket, these transcription factors and histone H3 are likely to bind RBBP4 in a mutually exclusive manner. Furthermore, because RBBP4 and RBBP7 share 92% sequence identity, BCL11A and the aforementioned factors may interact with either histone chaperone (17) . Indeed, our pulldown studies support the notion that BCL11A can bind both RBBP4 and RBBP7. Specificity of BCL11A to RBBP4 or RBBP7 could therefore be determined by their relative abundances or by other subunits in the epigenetic complexes.
Similar to the other transcription factors that bind to the top face of RBBP4, Arg-4 of BCL11A was inserted into the core of the ␤-propeller of RBBP4, whereas Lys-5 was anchored to the surface of RBBP4 via hydrogen bonds. Consistent with our structure in which Arg-3 is disordered, this residue is not an important mediator for interactions between RBBP4 and other transcription factors (21, 22) . Of note, however, our crystal structure of RBBP4 in complex with BCL11A(2-16) exposes new interactions on the side face of the histone chaperone that are not seen with NURF55/RBBP4 and histone H3 or RBBP4 and FOG1 (20, 21) . An intramolecular hydrogen bond (between Leu-12 and Lys-14) creates a 90°turn in the BCL11A peptide allowing for more specific interactions between the BCL11A peptide and the side face of RBBP4. These subtle changes in binding modalities could explain the differences in binding affinity of BCL11A and RBBP4 compared with H3 and RBBP4. Differences in the N-terminal residues (aa 12-16) of FOG1, SALL4, and BCL11A could also be important in determining selectivity between the transcription factors in vivo.
In our FP platform we did not see a difference in the ability of BCL11A(2-12) versus BCL11A(2-16) to compete with H3 for binding to RBBP4; however, previous pulldown studies revealed a drastic decrease in the capacity of shorter peptides, those truncated below the first 15 amino acids, to interact with epigenetic complexes (28) . Although the first 12 amino acids of BCL11A are necessary 5 and sufficient (our FP experiment) for interacting with RBBP4, our crystal structure indicates the requirement of residues 12-16 to efficiently interact with RBBP4 and endogenous epigenetic complexes, which is consistent with the previous finding. In our pulldown experiment we showed that BCL11A(2-16) is capable of binding components of NuRD, PRC2, and SIN3A but not CoREST, a complex lacking RBBP4/7.
It was recently shown that RBBP4/7 could exist in multiple copies in certain epigenetic complexes. This occurs by either dimerization of the entire complex, such as PRC2, or enhanced recruitment by other subunits (29) . For example, the MTA1 subunits of NuRD can each bind two copies of RBBP4/7 (29, 30) . This explains the improved efficiency of the BCL11A peptide in pulling down components of the NuRD complex over PRC2 and SIN3A (Fig. 4B) . It is interesting to speculate that within NuRD and PRC2, RBBP4 could serve to bind transcription factors and histone H3 at the same time through different RBBP4 molecules. It also suggests that RBBP4 might require contacts with more than one copy of BCL11A for optimal affinity for target genes, i.e. a threshold or dosage constraint that must be met for recruitment of epigenetic complexes. RBBP4/7 may be capable of surveying the surrounding epigenetic landscape and thereby coordinate signals from histone tails and transcription factors in multiple complexes.
From a therapeutic perspective, N-terminal truncations of FOG1 prevent its interaction with NuRD and mitigate its repressive activity suggesting this region is crucial for the function of this transcription factor (31) . Similarly, N-terminal missense mutations of BCL11A result in a loss-of-function in vivo (32) . Taken together, these studies support our hypothesis that the BCL11A-RBBP4 protein-protein interaction is important in BCL11A's tumorigenic role. When we deliver or stably express a decoy BCL11A N-terminal peptide, we did, in fact, see a decrease in the ALDHϩ BCSC population and mammosphere formation capacity. Reducing the ALDHϩ BCSC population is imperative for preventing recurrence and improving survival in breast cancer patients as this cell population, although very small, is associated with poor clinical outcome and metastasis (4, 34 -36) . In our unpublished data, 5 knockdown of RBBP4 and/or RBBP7 can also decrease BCSCs. Unfortunately, we were unable to confirm the necessity of RBBP4/7 in the recruitment of epigenetic complexes by BCL11A(2-16) as knockdown of RBBP4/7 resulted in decreased levels of the NuRD, SIN3A, and PRC2 subunits potentially through destabilization of these complexes. 5 In summary, BCL11A, through its N terminus, can recruit epigenetic complexes due to its interaction with RBBP4/7 and thereby alter transcription of its target genes. We expose new trough-like cavities on the side of RBBP4 that open avenues for specifically targeting BCL11A. A BCL11A peptide decoy or inhibitor could block recruitment of epigenetic complexes to BCL11A-targeted loci and warrants further investigation for its therapeutic potential in TNBC. Furthermore, such proteinprotein interaction inhibitors could be utilized to block association of RBBP4-containing epigenetic complexes to histone H3 and other transcription factors that share the same binding motif as BCL11A. Future studies that focus on genes regulated by BCL11A in TNBC will help delineate the importance of the RBBP4 -BCL11A interaction on promoting BCSC stemness and help decipher the impacts of inhibitors of this proteinprotein interaction. They will also provide insights into the need for targeting this interaction to inhibit BCL11A's oncogenic function in TNBC.
Materials and methods
Cell culture and reagents
SUM149 cells were cultured in Ham's F-12 medium supplemented with 5% FBS, hydrocortisone (1 g/ml), insulin (5 g/ml), and 1ϫ antibiotic-antimycotic (Thermo Fisher Scientific). 293T cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FBS and 1ϫ antibiotic-antimycotic. The following antibodies were used in this study: anti-RbAp48 (RBBP4) rabbit polyclonal (ab47456, Abcam; WB 1:2000); anti-RbAp46 (RBBP7) rabbit polyclonal (ab3535, Abcam; WB 1:2000); anti-SUZ12 rabbit monoclonal (no. 3737, Cell Signaling; WB 1:1000); anti-EZH2 rabbit monoclonal (no. 5426, Cell Signaling; WB 1:1000); anti-HDAC1 mouse monoclonal (no. 5356, Cell Signaling; WB 1:1000); anti-HDAC2 mouse monoclonal (no. 5113, Cell Signaling; WB 1:1000); anti-CoREST rabbit monoclonal (no. 14567, Cell Signaling; WB 1:1000); anti-SIN3A rabbit monoclonal (no. 8056, Cell Signaling; WB 1:1000); anti-MTA1 rabbit monoclonal (no. 5647, Cell Signaling; WB 1:1000); goat anti-rabbit IgG, HRP-linked (no. 7074, Cell Signaling; WB 1:2000); and goat anti-mouse IgG, HRP-linked (sc-2005, Santa Cruz Biotechnology).
Protein purification
Cloning, expression, and purification of RBBP4 (UniProt Q09028) was performed similarly to previous reports (21) . Briefly, full-length RBBP4 (aa 1-425) was cloned into a pFast-Bac HT-A vector with both an N-terminal His 6 tag and a tobacco etch virus (TEV) cleavage site. Generation of recombinant bacmid and virus was performed using the Bac-to-Bac (Invitrogen) expression system and according to the manufacturer's recommendations. Protein was expressed in Tn5 (High Five TM ; Invitrogen) cells using P3 virus. Infected cells were collected via centrifugation and washed with ice-cold PBS twice, and the pellet was lysed immediately or flash-frozen in liquid nitrogen for later use. All purification steps were performed at 4°C unless otherwise noted. Infected cells were lysed by sonication in lysis buffer (50 mM Tris (pH 8), 500 mM NaCl, 0.1% Nonidet P-40, 5 mM imidazole, 10% glycerol) with protease inhibitors and Universal Nuclease (Pierce TM Thermo Fisher Scientific). The lysate was clarified by centrifugation for 40 min at 12,000 rpm, and supernatant was added to nickel-nitrilotriacetic acid resin (Qiagen). Resin was collected and washed with high-salt buffer (50 mM Tris (pH 8), 500 mM NaCl, 10 mM imidazole, 10% glycerol) followed by low-salt buffer (50 mM Tris (pH 8), 150 mM NaCl, 10 mM imidazole, 10% glycerol). RBBP4 was eluted using the low-salt buffer with 250 mM imidazole. Fractions containing RBBP4 were collected, pooled, and concentrated using an Amicon Ultra-4 centrifugal filter (EMD Millipore).
Peptide synthesis
Peptides were synthesized as described previously (37) . Briefly, all peptides were synthesized manually or with an ABI 433 peptide synthesizer using Fmoc chemistry with Rink amide resin as the solid support with the exception of 5-FAM-labeled H3(1-21) probe that was purchased from Anaspec (catalog no. AS-63824). Either DIC/HOAt or HOBt/HBTU was used as the coupling reagent. Following completion of the peptide, a cleavage mixture composed of TFA/TIF/H 2 O/thioanisole (19:0.5: 1:1 ml) removed the peptide from the resin as well as any side-chain protecting groups. The resulting solution was evaporated, and the crude peptide was precipitated with diethyl ether. Peptides were purified via reverse phase-HPLC (Waters, Sunfire Prep C18, 19 ϫ 50 mm, 5 m) and confirmed by electrospray ionization-mass spectroscopy. For biotin-labeled peptides, Fmoc-PEG Biotin NovaTag TM Resin (EMD Milli-pore) was used as solid support. To generate a scramble control, permutations of the original sequence were made.
Fluorescence polarization assay
All fluorescence polarization experiments were conducted in 384-well, black, low volume, round-bottom plates (Corning) using a BioTek Synergy 2 plate reader (Winooski, VT). To each well was added increasing amounts of protein and the 5-FAMlabeled histone H3 N-terminal probe/tracer (20 nM) to a final volume of 20 l in the assay buffer (50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 0.1% glycerol). The plate was allowed to incubate at room temperature for 5 min to reach equilibrium. The polarization values (mP) were measured at an excitation wavelength at 485 nm and an emission wavelength at 528 nm. An equilibrium-binding isotherm was constructed by plotting the mP values as a function of the protein concentration at a fixed concentration of tracer (20 nM). All experimental data were analyzed using Prism 7.0 software (Graphpad Software, San Diego) and WinNonlin (7.3) .
Competitive binding assay
All IC 50 values discussed were identified using the competitive binding assay. To a 384-well, black, low volume, roundbottom plate (Corning) was added 10 l of 2 M RBBP4 and 4 l of 100 nM 5-FAM-labeled H3 probe. Dilutions of test compound (in assay buffer) or peptide were added to the wells to give a final volume of 20 l and final concentrations of 1 M RBBP4 and 20 nM probe. All experiments were run in optimized buffer conditions of 50 mM Tris-HCl (pH 7.5), 50 mM NaCl, and 0.1% glycerol. In addition, there were three controls on each plate: blank (buffer only), 100% inhibition (probe only), and 0% inhibition (probe and protein only). K i values were determined using the previously derived equation (38).
Protein crystallization and structure determination
Prior to crystallization, the N-terminal His 6 tag was removed from RBBP4 by TEV cleavage during dialysis against 50 mM Tris (pH 7.5), 150 mM NaCl. The cleaved protein was then purified by gel filtration on a Superdex 75 column in buffer containing 50 mM Tris (pH 7.5) and 150 mM NaCl. The protein was concentrated to 7.7 mg/ml and incubated with a 1.1-fold molar excess of Bcl11a (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) overnight at 4°C. The complex was crystallized from drops containing equal volumes of complex and well solution (25% polyethylene glycol monomethyl ether (M r 2000) and 0.1 M potassium thiocyanate). Prior to data collection, crystals were cryoprotected in well solution containing 25% glycerol. All data were collected at LS-CAT at the Advanced Photon Source at Argonne National Laboratory on line 21-ID-G equipped with a Mar300 detector. Data were processed and scaled with HKL2000 (39). The structure was solved by molecular replacement with Phaser (CCP4 suite (40)) using a previously solved structure of RBBP4 (PDB 4R7A) as the starting model. The structure was refined using Buster (41) with iterative rounds of fitting in COOT (42) . Structures were validated with Molprobity (43) . Data refinement and statistics are given in Table 1 . The root mean square deviation between core atoms was calculated using secondary structure matching routine in Coot. Electrostatic surface potentials were gener-
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ated using the Adaptive Poisson-Boltzmann Solver (APBS) plug-in in PyMOL (33) . All figures were generated with PyMOL (the PyMOL Molecular Graphics System, Version 1.8.2.3 Schrödinger, LLC).
Pulldown assay
Cell lysate was prepared from SUM149 cells using RIPA buffer (with protease and phosphatase inhibitors added prior to use). Cells were incubated for 30 min on a shaker at 4°C, and lysate was cleared by centrifugation. Protein concentration was measured using the Bradford assay (Bio-Rad). Pierce TM High Capacity streptavidin-agarose resin (catalog no. 20359, Thermo Fisher Scientific) was mixed by inversion and pipetted into two Eppendorf tubes (30 l each). Resin was washed two times with 500 l of buffer A (PBS ϩ 0.1% Triton X-100) and centrifuged at 3000 rpm for 5 min to remove the supernatant. To prepare the resin for pulldown, 1 l (1 mg/ml) of biotinylated peptide (either BCL11A(2-16) WT or scramble) was added to the washed resin in 500 l of buffer A and incubated for 2 h at 4°C on a rocking shaker. The beads were washed three times with buffer A and used immediately. 600 g of SUM149 cell lysate was added to each tube, and the volume was increased to 500 l with buffer A (plus protease and phosphatase inhibitors). The mixture was incubated overnight at 4°C on a rocking shaker. The following morning the beads were centrifuged for 5 min at 3000 rpm, and the supernatant was removed. Beads were washed three times with variations of buffer A (increasing detergent and/or salt, plus protease and phosphatase inhibitors). After the final wash, centrifugation, and collection of the beads, 40 l of 2Xϫ SDS was added to each tube and heated for 5 min at 95°C. Samples (10 g of whole-cell lysate and 15 l of pulldown) were separated and analyzed via SDS-PAGE and Western blotting.
HDAC activity assay
HDAC activity was measured using the HDAC fluorometric activity assay kit (catalog no. 10011563, Cayman Chemical) following the manufacturer's instruction. Briefly, after performing the pulldown as described above, beads were washed three times and then resuspended in 100 l of HDAC assay buffer (25 mM Tris-HCl (pH 8.0), 137 mM NaCl, 2.7 mM KCl, and 1 mM MgCl 2 ). 10 l of each sample was added to a well of a black 96-well plate in triplicate. The samples were then diluted further in 140 l of assay buffer. 10 l of trichostatin A (final concentration 1 M) was added to a control well for each sample group to determine the background signal. HDAC substrate (10 l) was added last to all wells, and the plate was incubated at 37°C on an orbital shaker for 30 min. Developer was added to each well following incubation. After 15 min at room temperature, fluorescence was read on a BioTek Synergy HT plate reader (excitation 350 nm and emission 450 nm). Fluorescence of the standard wells was plotted as a function of deacetylated substrate concentration to give a standard curve. The deacetylated concentration of the samples was calculated using this equation: deacetylated compound (M) ϭ ((fluorescence of samples Ϫ average fluorescence of TSA-treated samples) Ϫ (y-int))/slope. HDAC activity (nmol/min/ml) was calculated taking the deacetylated substrate concentration, divided by the incubation time (30 min), and then multiplying by sample dilution.
Western blotting
Collected samples (15 l) from the pulldown were run on a 4 -15% gradient gel for 5 min at 50 V and then 120 V for 1-1.5 h. Proteins were transferred to a nitrocellulose membrane (0.2 m) under a constant current of 220 mA. The membrane was blocked with 5% milk in PBST (PBS ϩ 0.1% Tween 20). Primary antibodies were added according to the manufacturer's recommendations in 1% milk in PBST. The following morning, the membrane was washed three times with PBST, and then the corresponding secondary antibody was added to the membrane for 2 h at room temperature. The membrane was washed again using PBST three times before being exposed to enhanced chemiluminescence reagent (Pierce TM Thermo Fisher Scientific). Proteins were detected using X-ray development.
Transient transfection
BCL11A (aa 2-12) or scramble peptides were delivered to SUM149 cells using Chariot TM Protein Delivery Reagent (Active Motif) according to the manufacturer's instructions. SUM149 cells were seeded into a six-well plate 24 h prior to treatment. Peptide stocks (2 mM) were diluted in 100 l of PBS so that the final treatment concentration would be 20 M. Chariot reagent, diluted 1:10, was further diluted in 100 l of sterile water. Peptide and Chariot solutions were combined and incubated for 30 min, after which the mixture was overlaid onto cells. 400 l of serum-free media was added, and the cells were incubated for 2 h at 37°C before complete media was added. Treated cells were assayed for ALDH activity 72 h post-transfection. Transfection efficiency and conditions were optimized using a 5-FAM-labeled BCL11A(2-12) peptide.
Plasmid construction
An AgeI site was introduced into the 5Ј-end of turboGFP sequence in the pGIPZ lentiviral vector using site-directed mutagenesis. To replace the turboGFP sequence with BCL11A(1-12), two primers (top, 5Ј-CCGGCGCCACCATG-TCTCGCCGCAAGCAAGGCAAACCCCAGCACTTATG-AGC-3Ј, and bottom, 5Ј-GGCCGCTCATAAGTGCTGGGG-TTTGCCTTGCTTGCGGCGAGACATGGTGGCG-3Ј) were annealed and ligated into the AgeI and NotI sites of pGIPZ. For BCL11A(1-12)K5A, the primers used are (top) 5Ј-CCGGCG-CCACCATGTCTCGCCGCGCGCAAGGCAAACCCCAGC-ACTTATGAGC-3Ј and (bottom) 5Ј-GGCCGCTCATAA-GTGCTGGGGTTTGCCTTGCGCGCGGCGAGACATGGT-GGCG-3Ј. BCL11A(1-12) and BCL11A(1-12) 
Stable expression of
K5A in SUM149 cells
The packaging vectors psPAX2 and pMD2.G were co-transfected into 293T cells with pGIPZ lentiviral constructs using the polyethyleneimine method. Lentiviral supernatant was collected 48 h after transfection and added to SUM149 cells with 4 g/ml Polybrene (Sigma). Forty eight hours later, cells were selected in puromycin (2 g/ml) for 3 days. The puromycin-
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resistant cells were collected the next day for ALDEFLUOR and mammosphere formation assays.
ALDH؉ assay
ALDH activity was measured by using the ALDEFLUOR kit (StemCell Technologies). Briefly, 2 ϫ 10 5 cells were resuspended in 800 l of ALDEFLUOR assay buffer and added to a FACS tube. For negative controls, prepare FACS tubes containing 2 l of the ALDH inhibitor diethylaminobenzaldehyde (DEAB). Then 4 l of ALDH substrate was added to the cells and mixed by vortexing immediately. Immediately after mixing, 400 l of cells were transferred to the tubes containing DEAB and were mixed well. All samples were incubated at 37°C for 30 min. Cells were washed with 1 ml of PBS containing 2% FBS. After centrifugation and removing the supernatant, cells were resuspended in 300 l of ALDEFLUOR assay buffer. We analyzed the brightly fluorescent ALDH-expressing cells in the green fluorescence channel (520 -540 nm) of a standard flow cytometer. ALDEFLUOR-positive gates were based on the DEAB-treated negative control samples.
Mammosphere formation assay
SUM149 cells stably expressing BCL11A(1-12) or BCL11A (1-12)K5A were plated at a density of 4000 cells per well in an ultra-low attachment six-well plate (Corning) in 2 ml of MammoCult media (STEMCELL Technologies). Mammo-Cult media were prepared according to the manufacturer's instructions. Before resuspending the cells, antibiotic-antimycotic was added to the media. After culturing for 7 days, mammospheres greater than 50 m in diameter were counted using GelCount TM (Oxford Optronix). 
